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prints allow probing the degree of molecular order and flexibility of individual capsid proteins, providing an exciting atomic-scale
complement to electro microscopy (EM) studies of the same systems.INTRODUCTIONThe atomic-level characterization of large viral particles
represents one of the largest challenges of modern structural
biology, as well as a fundamental step for the design of
effective antiviral treatments. In viruses, the viral genome
(double- or single-stranded RNA or DNA) is associated to
multiple copies of a capsid protein, forming predominantly
icosahedral or helical architectures. The description of
the interactions among capsid proteins, and between capsid
proteins and nucleic acids, requires the determination of
structural details at atomic resolution. These complex su-
perstructures are often studied by x-ray crystallography
and electron microscopy (EM) (1). However, only informa-
tion at low resolution is usually available from EM, and
extended and flexible architectures such as those encoun-
tered for helical nucleocapsids do not provide single crys-
tals amenable to diffraction studies, and the determination
of atomic-scale models requires modeling by homology
(2) or the use of extensive large-scale molecular dynamics
simulations (3).
Major technical as well as methodological developments
have recently extended the applicability of solid-state NMR
under magic-angle spinning (MAS) to access the structure
in more and more challenging biological solids, ranging
from microcrystalline domains (4) to insoluble membrane
proteins (5,6), heterogeneous assemblies (7), or fibrillar sys-
tems (8–10). In particular, these approaches have proven to
be a powerful tool to study the structure and dynamics of
polyethylene glycol- (PEG-)precipitated model viral nucle-
ocapsids, such as the Pf1 and fd bacteriophages (11–13).
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0006-3495/14/08/0941/6 $2.00the approach is applied to systems composed of large coat
proteins, as in the case of HIV1 conical assemblies (14,15).
Suitable deuteration strategies (16–18) and the develop-
ment of MAS probes capable of spinning small rotors at
the so-called fast (30 to 40 kHz) (19–23) and ultra-fast
(60 kHz) (24–26) regimes have opened a new avenue in
solid-state NMR, enabling the detection of resolved 1H
resonances. This advancement results in a sensitivity boost
that has been shown to considerably accelerate the reso-
nance assignment procedure as well as the acquisition
of structurally important restraints, on both deuterated and
fully protonated crystalline and noncrystalline biological
targets (23,24,26–31).
In this study, we combine 1H-detection at ultra-fast MAS
and high magnetic field with a sedimentation protocol, to
provide access to high-resolution proton solid-state NMR
spectra of large nucleocapsid-like particles. Sedimentation,
either via regular ultracentrifugation, or directly in the MAS
rotor (32–34), is emerging as a sample preparation method
to obtain high-quality solid-state NMR spectra. On the
one hand, the large size of the viral particles makes them
a perfect substrate for sedimentation techniques, which
represent a common intrinsic step for their purification.
On the other hand, the repetitive positioning of the nucleo-
proteins within the nucleocapsids provides the relative de-
gree of order necessary for well-resolved solid-state NMR
spectra, as recently shown by Polenova and coworkers for
HIV capsid assemblies (35). In our research we apply this
methodology to the study of recombinant nucleocapsids of
measles virus (MeV), a member of the Paramyxoviridae
family of the Mononegavirales order, for which no crystal
structure is currently available.
In MeV, the single-stranded viral RNA genome is encap-
sidated by multiple copies of the nucleoprotein (N), forminghttp://dx.doi.org/10.1016/j.bpj.2014.05.048
942 Barbet-Massin et al.a helical nucleocapsid with each N subunit binding six nu-
cleotides (36–39). The MeV nucleoprotein consists of two
distinct domains, a globular N-terminal domain (NCORE,
residues 1 to 400) and a C-terminal domain (NTAIL, residues
401 to 525). NCORE contains all the regions necessary for
self-assembly and RNA binding (40). NTAIL is intrinsically
disordered and is responsible for the interaction with the
polymerase complex (41,42).
Low-resolution cryo-EM maps of MeV capsids show
a left-handed helical arrangement with an outer diam. of
20 nm (D in Fig. 1) and a diam. of the inner channel of
6.5 nm (d in Fig. 1) (2,43,44). Solution NMR and small
angle x-ray scattering data showed that NTAIL is disordered
in the context of the intact nucleocapsids, and suggested
that it can exfiltrate through the spacing between the turns
of the supramolecular helix (45). Removal of NTAIL by
trypsin digestion results in a major structural rearrange-
ment, yielding more compact and regular assemblies, with
reduced diameters and shorter pitch (Fig. 2, in brown) (2).
Capsid morphology is a key viral property, but the relation
between atomic-level structure and morphology remainsBiophysical Journal 107(4) 941–946elusive. No atomic level information is available for NCORE
and for the N-terminal portion of NTAIL in the intact as-
semblies, and it is unknown to what extent the structure
of NCORE monomers differs between intact and cleaved
nucleocapsids.
We have recorded a set of high-resolution 1H-detected
solid-state NMR experiments on both intact and trypsin-
cleaved sedimented MeV nucleocapsids that allowed us to
probe their relative molecular order and flexibility within
the supramolecular assemblies, as well as their level of
hydration.MATERIALS AND METHODS
Sample preparation
Expression and purification of recombinant [U-13C, 15N]-labeled MeV nu-
cleocapsids were performed as described elsewhere (2,45). For solid-state
NMR analysis, suspensions containing ~ 3 mg of nucleocapsids were
centrifuged at 165,000  g for 15 h at 12C directly into a 1.3 mm rotor
using a device similar to one previously described (47), and manufactured
in collaboration with Bruker Biospin (Rheinstetten, Germany) (48).FIGURE 1 (A) Top view and (B) side view of the
cryo-EMmaps of intact (gray) and cleaved (brown)
measles nucleocapsids (2). (C) Top view and
(D) side view of atomic-level ribbon models of
the nucleocapsids, obtained by modeling the coor-
dinates of NCORE by homology with the N mono-
mer of the closely related respiratorial syncytial
virus (RSV) (46), and fitting them into cryo-EM
maps of the capsids. In the intact nucleocapsid,
different conformations of the disordered NTAIL
are shown in red (45). To see this figure in color,
go online.
a b
FIGURE 2 (A) Dipolar-based 1H-15N CP-HSQC and (B) scalar-based
1H-15N J-HSQC spectra (black contours) of intact sedimented MeV nucleo-
capsids; (B) 1H-15NHSQC spectrum (red contours) of the intactMeV nucle-
ocapsid-like particles in solution (45). The experiments were carried out on a
1 GHz spectrometer equipped with a 1.3 mm triple-channel probe at 60 kHz
MAS (black spectra) or equipped with a triple-channel cryoprobe (red spec-
trum). The pulse sequences of all solid-state NMR experiments are given
in the Supporting Material. Note that in the red spectrum only the last 75
residues of NTAIL can be detected (45) and that comparison with the solution
NMR spectrum of free NTAIL, where all 125 signals could be assigned (57),
suggests that the first 50 amino acids ofNTAIL experience restricted dynamics
through interaction with NCORE. To see this figure in color, go online.
Solid-state NMR of Measles Virus Nucleocapsids 943Fig. S1 in the Supporting Material shows Transmission Electron Micro-
scopy (TEM) images of intact and cleaved nucleocapsids, before and after
the NMR measurements.Solid-state NMR spectroscopy
All experiments were run on a 1 GHz Bruker NMR spectrometer, equipped
with a 3-channel HCN 1.3 mm probe with an external lock.
For all the proton-detected experiments, the MAS rate was 60 kHz and
the target temperature on the spectrometer was set to 240 K, corresponding
to an actual sample temperature of 300 K. 1H and 15N 90 pulses were 2.5
and 5 ms, respectively. For the dipolar-based CP-HSQC experiments
(Fig. S1 A), cross-polarization (CP) steps from 1H to 15N and from 15N
to 1H were performed using a constant Radio Frequency (RF) amplitude
of 35 kHz applied to 15N and linearly ramped pulses from 70% to 100%
(direct CP) and 100% to 70% (back CP) with a maximum RF amplitude
of 25 kHz on 1H. CP contact times of 1000 and 400 ms were used, respec-
tively. For the 15N-1H scalar-based J-HSQC (Heteronuclear Single-Quan-
tum Coherence) experiment (Fig. S1 B), the J evolution delays were set
to 1/(4JNH) ¼ 2.7 ms. WALTZ-16 (49) decoupling at 10 kHz was used
on the 1H channel during indirect 15N detection and on the 15N and 13C
channels during direct 1H acquisition. All 15N-1H correlation spectra
were recorded with 200 t1 points to total indirect
15N acquisition times of
20 ms, using 192 transients per increment with direct 1H acquisition times
of 30 ms and total experimental times of 10.7 h each. The States-Two-Phase
Pulse Incrementation (TPPI) (50) method was employed for quadrature
detection in the indirect dimension.
For 15N T1rho measurement (Fig. S1 C), relaxation delays of 0, 0.005,
0.01, 0.025, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, and 0.5 s were used, during a
spin-lock pulse at 20 kHz applied to 15N (31,51).For the water-edited experiments, a 1D 15N-1H CP-HSQC sequence was
implemented in analogy to previously introduced 13C-detected approaches
(52,53) (see Fig. 4 A). A selective 90 pulse was applied on the water reso-
nance using a Q5Gaussian (54) cascade shape of 1000 points with a duration
of 6ms. The total dephasing echo delaywas 0.8ms. The direct 1H acquisition
time was 30 ms, and the number of scans was 128 for each diffusion delay
tmix. 48 diffusion delays were sampled in the range from 0 to 470 ms.
The MISSISSIPI scheme (55) at 15 kHz during a saturation time of
300 ms was used for water suppression in all of the above experiments.
CP-PDSD (proton-driven spin-diffusion) 13C-13C correlation experiments
were carried out under 10 kHzMAS.The target temperature on the spectrom-
eter was set to 285 K, corresponding to an actual sample temperature of 290
K. 1H and 13C 90 pulseswere 2.5 and 3.3ms, respectively. CP from 1H to 13C
was performed using a constant RF amplitude of 20 kHz applied to 13C and a
linearly ramped pulse from 90% to 100% with a maximum RF amplitude of
30 kHz on 1H for a contact time of 1500ms. The PDSDmixing timewas set to
100 ms. Spinal-64 (56) decoupling at 80 kHz was applied in the proton
channel during 13C direct and indirect evolutions. The spectra were recorded
with 1000 t1 points to total indirect acquisition times of 9 ms, using 64 tran-
sients per increment with direct 13C acquisition times of 15 ms and total
experimental times of 42.7 h. The States-TPPI (50) method was employed
for quadrature detection in the indirect dimension.RESULTS AND DISCUSSION
Intact [13C,15N]-labeled nucleocapsids from MeV incorpo-
rating random cellular RNA were obtained by overexpress-
ing the N-protein in Escherichia coli (E. coli), and purified
by differential sedimentation (2,45). Removal of NTAIL
to obtain cleaved nucleocapsids can be achieved afterward
by trypsin digestion. These sedimented samples can be
directly transferred into a 1.3 mm NMR rotor and studied
under ultra-fast MAS. In contrast to its solution counterpart,
solid-state NMR under MAS does not suffer from molecular
weight limitations, and spectra from both rigid and flexible
regions can be obtained by the application of dipolar- and
scalar-based experiments, respectively.
Fig. 2 A shows a dipolar-based 15N-1H correlation spec-
trum (‘‘CP-HSQC’’) (We use here the HSQC acronym to
refer to a 1H-detected heteronuclear SQ-SQ correlation
experiment. Note however that in the dipolar version of
the experiment, there is no heteronuclear two-spin coher-
ence during any evolution period. Rather a population is
transferred from 1H to 15N during the CP step, it evolves
as 15Nx magnetization, and then it is transferred back to
1H for detection.) recorded under ultra-fast MAS on intact
nucleocapsids that allows access to the rigid portion of
NCORE. A large number of signals from this region are
visible, with 1H linewidths of isolated peaks on the order
of 100 to 150 Hz, similar to those observed for microcrystal-
line solids (26) or amorphous materials such as protein pre-
cipitates or fibrillar aggregates (17,23).
Complementarily, the scalar-based 15N-1H correla-
tion spectrum (‘‘J-HSQC’’) recorded on the same sample
(Fig. 2 B, black contours) displays resonances from NTAIL
and superimposes reasonably well with the 1H-15N HSQC
spectrum recorded on capsids resuspended in solution
(Fig. 2 B, red contours, and reference (45)). This indicatesBiophysical Journal 107(4) 941–946
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intact nucleocapsids in solution with a flexible NTAIL, open-
ing the way to more detailed structural investigations, as
illustrated in Fig. 2.
Fig. 3 A shows a comparison of 15N-1H dipolar correla-
tion spectra of intact and cleaved nucleocapsids. We note
that most resolved signals are present in both spectra,
showing little or no chemical shift changes, which suggests
that there is no major reorganization of the secondary struc-
ture of NCORE in the two samples. This is also supported
by a comparison of 13C-13C dipolar correlation spectra
(CP-PDSD (58)) of intact and cleaved nucleocapsids, which
show no obvious 13C chemical shift changes between the
two samples (Fig. S2). Interestingly, a few more signals
can be detected in the 15N-1H correlation spectrum of the
intact sample (in blue). This may be attributable to a portion
of the N-terminal stretch of NTAIL being sufficiently rigid
and ordered in the intact nucleocapsids to be observed in
dipolar correlation spectra.
Also, we observe that for most resolved signals in NCORE,
the resolution is similar in the two samples, but their bulk
15N rotating-frame relaxation rates (T1rho) (31,51) are signif-
icantly different with an average value of 995 2 and 1195
2 ms for the intact and cleaved assemblies, respectively (see
Fig. 3 B), indicative of differential local dynamics on a sub-
microsecond timescale. These two experiments indicate thata b
FIGURE 3 (A) Comparison of dipolar-based 15N-1H HSQC correlation
spectra acquired on intact (blue contours) and trypsin-cleaved (red con-
tours) MeV nucleocapsids, at pH7. Experiments were run on a 1 GHz spec-
trometer with a triple-channel 1.3 mm probe under 60 kHz MAS. (B) Bulk
15N R1rho decays measured on intact (blue points) and cleaved (red points)
samples. The data were fitted using a stretched exponential function I(t) ¼
I0 [exp(-t/T1rho)
b], yielding average T1rho values of 99 5 2 ms (b ¼ 0.66)
and 119 5 2 ms (b ¼ 0.65) for intact and cleaved samples, respectively.
The stretching factors account for a distribution of T1rho values in the sam-
ples; their similarity between intact and cleaved nucleocapsids permits
direct comparison of resultant T1rho values. To see this figure in color, go
online.
Biophysical Journal 107(4) 941–946NCORE is generally well ordered in both samples but exhibits
increased local dynamics on the submicrosecond timescale
in the intact capsids. We speculate that this differential flex-
ibility may be attributable to either residual domain motions
caused by the presence of NTAIL that prevents extensive con-
tacts between the interpitch regions of NCORE,, or to pertur-
bations caused by transient interaction with flexible NTAIL
segments.
Additionally, the availability of 1H-detected spectra from
NCORE provides a sensitive method to evaluate molecular-
level order by measuring the capsid hydration level.
Reduced hydration is a direct indicator of close intermolec-
ular packing, which itself requires a more rigid structure. In
solid-state NMR experiments on hydrated biosolids, signals
from at least two water pools are usually observed, namely
the interstitial water (e.g., water in contact with the protein),
which can exchange magnetization with the protein during
the NMR experiment, and the bulk water, which can ex-
change magnetization only over a much longer timescale
(47,59). Although in a standard dipolar-based 15N-1H CP-
HSQC experiment, the polarization is first driven from the
protein protons to the neighboring 15N spins, a water-edited
scheme can be designed that selects the water magnetization
before a transfer via chemical exchange and spin diffusion
during the mixing period tmix to the protein protons. The
corresponding experimental scheme is shown in Fig. 4 A
and is similar to water-edited 13C-detected experiments
described in the literature (52,53).
At long diffusion times, a plateau is reached indicating
that all the interstitial water magnetization has equilibrated
with the whole protein 1H bath. On this timescale, there is no
contact with the bulk water and the plateau value is propor-
tional to the amount of interstitial water. This measurement
is therefore complementary to the atomic level measure-
ments from Fig. 3 and provides a view at the molecular level
of overall compactness of both the NCORE monomers them-
selves, and their packing within the nucleocapsid particles.a b
FIGURE 4 (A) Pulse sequence for the proton-detected water-edited 1D
15N-1H CP-HSQC experiment. Narrow and broad black rectangles indicate
p/2 and p pulses, respectively, and the bell shape represents a band-selec-
tive water excitation pulse. (B) Buildup curves representing the relative in-
tensities of the water-edited CP-HSQC spectra compared with the standard
15N-1H CP-HSQC spectra of amide protons. Curves obtained on intact and
cleaved MeV nucleocapsids are represented in blue and red, respectively.
Experiments were carried out on a 1 GHz spectrometer equipped with a
triple-channel 1.3 mm probe at 60 kHz MAS. To see this figure in color,
go online.
Solid-state NMR of Measles Virus Nucleocapsids 945A series of water-edited 1D 15N-1H CP-HSQC experi-
ments was acquired on intact and cleaved nucleocapsids to
assess the solvent accessibility of NCORE. For a diffusion
time of 200 ms, the relative water-edited CP-HSQC signal
of the cleaved nucleocapsids is 15% smaller than that of
the intact nucleocapsids. These experiments are based on
dipolar transfers, thus only the rigid parts of the nucleopro-
tein contribute to the observed signals. The presence of flex-
ible parts of NTAIL in the intact nucleocapsids is hence not
responsible for the differences in signal intensities, although
immobilized regions of NTAIL would contribute. This differ-
ence confirms that the intact nucleocapsid is on average
surrounded by a larger amount of interstitial water. In agree-
ment with EM studies, this provides further evidence that in
the presence of NTAIL the capsids adopt a less-ordered su-
pra-molecular arrangement. This could be attributable to
larger inner cavities, increased pitch, heterogeneous shapes,
or less compact packing of the particles.CONCLUSIONS
In conclusion, we have applied state-of-the-art 1H-detected
solid-state NMR to the recombinant viral nucleocapsids of
MeV. These complexes are high molecular weight noncrys-
talline protein-RNA assemblies representing challenging
systems in the field of molecular structural biology. We
show that, despite their lack of crystalline order, sedimented
precipitates of these systems yield high-resolution solid-
state NMR spectra, while preserving a viable environment
in which the dynamical conformational behavior are re-
tained. The experiments carried out in this study probe the
degree of molecular order and flexibility of individual N
proteins on length scales from Angstroms to microns and
timescales from nanoseconds to microseconds, and thereby
provide an exciting complement to EM studies of the same
systems.SUPPORTING MATERIAL
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